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ABSTRACT 


We listed all possible dimension-six CP-violating SU,(3) x SU; (2) x Uy (1) invariant opera- 
tors involving the third-family quarks, which can be generated by new physics at a higher energy 
scale. The expressions of these operators after electroweak symmetry breaking and the induced 
effective couplings Wtb, Xbb and Xtt (X = Z,y,g, H) are also presented. We have evaluated 
sample contributions of these operators to CP-odd asymmetries of transverse polarization of 
top quark in single top production at the upgraded Tevatron, the similar effect in top-antitop 
pair production at the NLC, and the CP-odd observables of momentum correlations among the 
top quark decay products at the NLC. The energy and luminosity sensitivity in probing these 
CP-violating new physics has also been studied. 


'On leave from Physics Department, Henan Normal University, China 


]. Introduction 


It is widely believed that the Standard Model (SM) is only an effective theory at electroweak 
scale and that some new physics should exist in higher energy regimes. Collider experiments 
have been searching for the new particles predicted by various models, but no direct signal has 
been observed. So, it is likely that the new particles are too heavy to be detectable at current 
colliders, and the only observable effects at energies not too far above the SM energy scale may 
be only in the form of new interactions. However, the new interactions will affect the couplings 
of third-family quarks, the Higgs and gauge bosons. In this spirit, the new physics effects can 
be expressed as non-standard terms in an effective Lagrangian involving the interactions of 
third-family quarks, the Higgs and gauge bosons. Before the electroweak symmetry breaking, 


we can write the effective Lagrangian as 
1 1 

Less = Lo + 33 2 CiO: + OCG) (1) 
where £o is the SM Lagrangian, A is the new physics scale and O; are SU,(3) x SU;(2) x Uy (1) 
invariant dimension-six operators, and C; are constants which represent the coupling strengths 
of O;. The expansion in Eq.(1) was first discussed in Ref. [1]. Recently, many authors further 
classified such CP-conserving operators and analysed their phenomenological implications at 
current and future colliders[2-5]. 

As is well-known, for more than 30 years after the discovery of the CP-violating decays of 
the K? meson[6], the origin of this phenomenon remains a mystery. The SM gives a natural 
explanation for this phenomenon assuming the existence of a phase in the Kobayashi-Maskawa 
mixing matrix|7]. In models beyond the SM, additional CP-violating effects can appear rather 
naturally and such non-standard CP-violations are necessary in order to account for baryo- 
genesis[8). In Ref. [9], possible effects of non-SM CP-violating interactions have been studied 
in detail in the form of momentum space representation and involving only weak bosons. In 
this paper we will focus on CP-violation effects in the model-independent effective Lagrangian 
approach. So we assume that the new physics terms in Eq.([I]) contain both CP-conserving and 


CP-violating operators. 


It has been shown|10] that the KM mechanism of CP-violation predicts a negligibly small 
effect for the top quark in the SM, and thus the standard CP-violation effects in top production 
and decays will be unobservable in collider experiments. Therefore, top quark system will be 
sensitive to new source of CP-violation and may serve as a powerful probe to non-standard 
CP-violation in association with new physics effects. Non-standard CP-violation in the top 
quark system as predicted by various new physics models and the strategy for observing these 
effects have been studied by many authors[11-19]. Here we provide a model-independent study 
of all possible dimension-6 CP-violating operators which involve the third-family quarks and are 
invariant under the SM transformation. The effects of these operators can be studied at future 
linear and hadron colliders, and thus their strengths can be constrained. We will evaluate some 
of the effects of these CP-violating operators at the Tevatron and the NLC. Any nonzero value 
of these CP asymmetries will suggest the existence of new physics as well as new CP-violation 
effects. 

This paper is organized as follows. In Sec.2 we list all possible dimension-six CP-violating 
SU.(3) x SU,(2) x Uy(1) invariant operators. The expressions of these operators after elec- 
troweak gauge symmetry breaking are given in Appendix A. In Sec.3 we give the induced 
CP-violating effective couplings Wtb, Xbb and Xtt (X = Z,y,g, H). In Sec.4 we evaluate the 
contributions to some CP-odd quantities at the Tevatron and the NLC. And finally in Sec.5 we 


present the summary. 
2. Dimension-six CP-violating gauge invariant operators 


We assume that the new physics in the quark sector resides in the third quark family. 
Although new physics can give rise to four-quark operators involving only the third family, 
such operators are not experimentally relevant here. New physics may also occur in the gauge 
boson and Higgs sectors, they are not, however, our attention here. Therefore, the operators we 
are interested in are those containing third-family quarks coupling to gauge and Higgs bosons. 

To restrict ourselves to the lowest order, we consider only tree diagrams and to the order 


of 1/A?. Therefore, only one vertex in a given diagram can contain anomalous couplings. 
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Under these conditions, operators which are allowed to be related by the field equations are 


not independent. As discussed in Ref.[5], to which we refer for the detail, the fermion and the 


Higgs boson equations of motion can be used but the equations of motion of the gauge bosons 


can not when writing down the operators in Eq.(1). 


We assume all the operators O; to be Hermitian. 


Because of our assumption that the 


available energies are below the unitarity cuts of new-physics particles, no imaginary part can 


be generated by the new physics effect. Therefore the coefficients C; in Eq.(1) are real. 


Now we list all possible dimension-six CP-odd SU,(3) x SU,(2) x Uy (1) invariant operators 


involving third-family quarks but no four-fermion interactions. We follow the standard notation. 


(1) Class 1 ( contain £g field ) 


On 
Op 


Ore 


2 
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(2) Class 2 (contain no tp field) 
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(ex [9 D, + (D,4)'6| grar (16) 


Og, = [Er D,9 + (D,9)' E] gry" rar (17) 
Os, = JI Dh + (D,)'®] bpy*bp (18) 
On = um — >) a; ba — Bibpq,.| (19) 
Op, = i|(GŁD,bn)D"6 — (D'9)' (D,bnqr)| (20) 
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Note that in O, and Oy we subtract the vacuum expectation value, v?/2, from 94, to avoid 
additional mass term for the third family quarks. 
If we do not use the field equations of Higgs boson and the quarks, we would have the 


following additional operators 


(3) Class 3 
Op, = i|(D,actz)D"9 — (D"9) (E«D,az)| (24) 
Op, = Í Dachs) Db — (D'9) (baD,,qr))| (25) 
Og = |i" T^D'tg + D'tgy"T^tg) Ga, (26) 
O = GE + D'tgy"tg] By (27) 
Oe = |i" T^D'q, + D'qpy T qr] GZ, (28) 
OW = dry" Dro: R D'qyy"rla;] Wi, (29) 
Og = |D" ar + Daya] Bw (30) 
Og = [Wy T^D"br + D'by y" T br] Ga, (31) 
Og = [br D"br + D”ORy*bp| Bu, (32) 


where > = leap X for X = G, B,W and e,,5, the anti-symmetric tensor. These Class 3 


operators can be rewritten as 
Op, = -Opm — itg D? — (D?$)'tgq;], (33) 
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Op, = —Om — i[grbg D? — (D?8)fbpqz], (34) 
O = —OzB — (Enoy, Dzn + Dzno,zg) B", (x = tb), (35) 
Os = -0e — (ing  T* Dg + Dina T"g)GS,, (z = t,b), (36) 
Ox = Ox tto" Xu Par + Dario" Kat, (X = B,G,W). (37) 


They become dependent upon the use of the field equations of the Higgs boson and the quarks, 
It should also be noted that those CP-violating operators which are obtained from Eqs. (DR 
and (PTH23) by replacing the field tensors by their duals, Wy, — we 


mv» €tc., and changing the 


relative sign of the fermion operators are not independent due to the identity Aaf = 2io"” ys. 
For example, Karo" n! tg) + $ (Ego d Wi, obtained from Eq.(@), is proportional to 
Eq. (6). 

The expressions of these CP-violating operators Eqs.(2-23) after electroweak symmetry 
breaking are presented in Appendix A. Note that most of the operators clearly show the Uem(1) 
gauge invariance. But some of them do not manifest the electroweak gauge invariance straight 
forwardly, for example, Op, in Eq.(A.4). We have checked that the operator gives indeed a 


Uem(1) gauge invariant expression. 


3. Effective Lagrangian for some couplings 


We consider the contribution of CP-violating operators to top quark couplings Wb, Ztt, 
^tt, Htt, gtt and the bottom quark coupling Zbb, ybb. These couplings can be meaningfully 
investigated at LEP, Tevatron, NLC and LHC. The status of the contributions of the dimension- 
six CP-violating operators to these couplings are showed in Table 1. 


Collecting all the relevant terms we get the CP-violating effective couplings as 
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(38) 


(39) 


(40) 


(41) 


(42) 


(43) 


(44) 


x „1 | z „Cob e z 
lęg = ER T CY )v(i8,H)by" Prb - i v (0, H)by" Prb 
Cn V? ua .Cpb 
— —H (bygb —— 
TR S (bosb) +t 2/2 


where sy = sin Ow, cy = cos fu: and Pr n = (1 F y5)/2. 


Or H |bà,b — (8,5)b + 8, (bysb)] . (45) 


4. The contributions to CP-odd quantities of top quark at colliders 


Various experiments have been suggested to measure CP-violating couplings of the top 
quark. They include CP-odd quantities such as the polarization asymmetries|12-14] and CP- 
odd momentum correlations among the decay products|15,16]. 

In this section we will evaluate the contributions of some of the CP-violating new physics 
operators to these CP asymmetries. By taking individual operator as an example, we present 
numerical results to show at what level of C;/A? the CP-violating effect may be visible. We 
will only consider the CP-odd operators listed in Sec.3 and do not include their corresponding 
CP-even operators whose phenomenologies are different and have been systematically analysed 
in Refs.[3-5]. Further more, we restrict ourselves to the electroweak vertices, i.e., Wtb, Ztt and 


^tt. 


4.1 ‘Transverse polarization H asymmetry of top quark in single top 
production at the Tevatron 


The reaction pp — tbX at the Tevatron can be used to investigate several different types 
of CP asymmetries|15]. The complicate coordinate representation of the effective Lagrangian 
Eqs. (BJS) can be simplified in the momentum space when ¢ and b are on-shell. The CP- 


violating contribution to the Wtb vertex Eqs.(B8) can be written in the momentum space as 


= I g2 = 
L = ¿—W'!t b 
W tb V2 H 
- G G 
L2 b [E^ P. + Fay" PR = deit, Ps md Get, t, (46) 
/2 H Me Hu 


2In this paper the transverse polarization direction is the one which is perpendicular to the scattering plane. 


G G 
Fry! P, + Fry” Pg — i— o" k, Pr — io "” k, Pr 
Mt M 
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where Pr n = (1 + 55)/2. k = p, + py, and 


CH (3) Cot mi 


n = Zei Seems am 
G, = JEE e Ce ET — yy E (48) 
Fa = ern DÉI, (49) 
Gg = ET wee 26 (50) 


We have neglected the scalar and pseudoscalar couplings, k, and Es, which, in the process 
ud — W — tb, give contributions proportional to the initial parton mass. It should be pointed 
out that in contrast to Ref.[15], where the form factors Fz, etc., can be complex, form factors 
in Eq.) are all real because as , etc., are real as noted in Sec.2 above. 

The spin of the top quark allows three types of CP-violating polarization asymmetries [15] 


in the single top quark production via 
u+d>t+b ū+d>t+b. (51) 


Introducing the coordinate system in the top quark ( or top antiquark) rest frame with the 
unit vectors €; « —P, Gy O< P, x P; and & = €, X €;, the transverse polarization asymmetry 


is defined as 


am = 5 [M@) mal, (52) 


where II() and II($) are, respectively, the polarizations of the top quark and top antiquark in 
the direction $, arising from the interference of the SM and the CP-violating vertices. Only the 


terms proportional to Pr, contribute. The polarizations are given by 


Ae Ntb) = (=o) 
MO = Mag) FNCI) © 
A _ MC — NC) 
I) — (Ed) E NC) Ge 


where N,(+%) [Nz(+y)] is the number of t(t) quarks polarized in the direction +7. 


The asymmetry A(Y) is proportional to the real part of the form factor Gr, which is given 
by[15] 

A($) = — Ss (55) 
where z = m2/8. This parton level asymmetry can be converted to the hadron level asymme- 
try by folding in the structure functions. In the absence of an imaginary part Er makes no 
contribution to polarization asymmetries. 


Using the CTEQ3L parton distribution functions|20] with u = V8 and assuming m, = 175 


GeV, we obtain the asymmetry as 


(A/1 TeV)? 


— 0.84 Se wep? at /s = 4 TeV 


—0.41 See ewe at A/S = 2 TeV 
A -| "s (56) 


As analysed in Ref.[15], such an asymmetry of a few percent might be within the reach 
of experiment at the upgraded Tevatron with s = 2 TeV and an integrated luminosity 3-10 
fb 1. As the results in Eq.(B6) show, the CP asymmetry caused by new physics will be more 
significant at higher energies, say va = 4 TeV. Hence, if the collider can be further upgraded 
to 4 TeV and/or with increased luminosity 21], it can serve as a more powerful tool for probing 
CP-violating new physics. It should be noted that the signal for this process is unobservable 
at the LHC because of the large background from tt production and single top production via 
W-gluon fusion[22]. 

Let's take O,w as an example. If we assume an observable level of ten percent, we see from 
Eq.(P6) that the upgraded Tevatron will probe ces to 1/4 and 1/8 for \/s = 2 TeV and 
s = 4 TeV, respectively. This means that with a new physics scale at the order of 1 TeV, the 
further upgraded Tevatron can probe the coupling strength down to the level of 0.1. 


4.2 ‘Transverse polarization asymmetry of top quark pair production 
at the NLC 


From the polarizations of the top quark and top antiquark in efe — tt, one can construct 


CP-odd quantities which can be measured through the energy asymmetry of the charged leptons 


in the £ and t decays as well as the up-down asymmetry of these leptons with respect to the tt 
production plane|12,13]. 
Including both the SM couplings and new physics effects, we can write the Vtt (V = Z,7) 


vertices as 


m 
DY = i "Ju Av — "is Dv + pr 5 = (Cy —iDv7s)| , (57) 


where p, and p; are the momenta of the top quark and top antiquark. We neglect the scalar 
and pseudoscalar couplings, E, and kys with k = p, + pr, since these terms give contributions 
proportional to the electron mass. We note that some of these neglected terms are needed to 
maintain the electromagnetic gauge invariance for the axial vector couplings in Eq.(57). The 


form factors can be written as 
Xy = X9" +óXy, (X = A,B,C,D and V = Z”), (58) 


where X;M and 0Xy represent the SM and the new physics contributions, respectively. In 
the SM, only A,z and Bz exist at tree level. Beyond the tree level, all of them except the 
CP-violating form factor D get contributions from loop diagrams. The SM loop contribution 
to D is completely negligible[10]. Since we are interested in CP-violation effect, we neglect the 


SM loop contributions to all form factors. Thus we have 


4 1 8 
SM _ SM _ 2 
Ay = gśw, Az = 9, gw (59) 
1 
BM = 0, DÉI == 60 
y H Z 2cw ( ) 
cM — pSM _ CSM — ps — 0. (61) 


For new physics effects, only the form factor D receives CP-violating contributions. Then we 


obtain 
im nes cem (62) 
BA E Ei = O, T 4 Cw Gand Qe), (63) 
By = Zelt Gei - Cu E + Cwe% Tr Cun ow Cp: A Z_1(64) 
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The nonvanishing real parts of D can give rise to the following asymmetry|14] 
Ar = P, sina — P, sina, (65) 


where P, sino (P, sin à) is the degree of transverse polarization of the t (t) quark perpendicular 
to the scattering plane of ee — tt. The scattering plane is defined to be the X-Z plane where 
the +Z direction is the direction of electron and the top-quark momentum has a positive z- 
component. The angle o depends on the top quark polarization direction and its definition can 


be found in Appendix C of the first article of Ref. 14. P, sina and P, sin à are given by 


I f. = . e 
P sina = = P, sina = = (66) 
where 
=, IFSA a = s obese 
s esse [ese Z= jx a, (67) 
T, = 2Im((+—++)*(4+ —--+)+(4+-+-)*(4-—--) 
F(— + ++) (7 + -+) + (— ++—)*"(— + ——)]; (68) 
T = 2Im[(+—+4+)*(4-—+-)+(+--4+)*(+---) 
ECEE s ree og EE (69) 
Here the helicity amplitudes (he-, he+, hi, hz), where he- = —, +, etc., indicate respectively a 


left- and right-handed electron, etc., are given by 


(Ren ets us ha)z | e- hat, hu hey f 


(he-, he+, hi, hz) = Zei E a= M2 z 


(70) 
The nonvanishing (he-, he+, hi, h;)y (V = y, Z) can be found in Ref. 14 and are listed below: 


v = eVsin0,(m Av — K?Cy + iEK Dy), 


—eV (1 + cos0,)(EAv + K By), 


< 
II 


eY (1 — cos0,)(EAv — K By), 


< 
I 


v = eVsin0,(—m Av + K*Cy +iEKDy), 
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(4 
(+--+ 
( 

( 


= eLsin((m,Ay — K?Cy + ¿EK Dy), (75) 
= ek(1 — cos0,)(EAv + K By), (76) 
= —ek(1 + cos0,)(EAy — K By), (77) 
= epsind,(—mAy + K*Cy + 1EK Dy), (78) 


where 6, is the angle between the top quark and the electron, E = \/s/2, K = 4/ E? — m? and 


eY n are the form factors in Ve" 


et 


ç 
EL 


et vertex ig?" (eY Pr, + et Pg), which are given by 


1 1 1 
= ET +sy) €R= c W (79) 
= ek = —Św. (80) 


As in the preceding subsection, we take the operator O,w as an example to show the 


numerical results. Assuming the 


of 0, in the top pair production 


coupling strength Czw = 0.1, the asymmetry Ar as a function 


at the NLC is plotted in Fig.1 and Fig.2 for /s = 500 GeV 


and ys = 1 TeV, respectively. Figure 1 shows that if the scale of new physics which generates 


the operator Ogw is below 1.5 TeV, the Ar induced can exceed one percent. Comparing Fig.1 


with Fig.2, we find that the asymmetry Ar for Vs = 1 TeV is larger than that for s = 500 


GeV. To see more clearly, we compare the values corresponding to 0, = 120° 


A(TeV) 0.5 1 1.5 2 
Ar (96) 97 A0. SM 062 
(,/s = 0.5 TeV) 

Ar (96) =3080/ 934 =4M6 -234 


(Vs = 1 TeV) 


Here we see that the Ar for s = 1 TeV is four times larger than that for s = 500 GeV. 


But since the total event rate at 
machine, the net effect is that a 


has a higher luminosity. 


a 1 TeV machine is about four times smaller than a 500 GeV 


1 TeV machine cannot provide a better measurement unless it 


4.3 Momentum correlations among the decay products of top quark 


at the NLC 
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In the process ete~ — 4*, Z* — tt with t > W*tb and t > W- b, some CP-odd momentum 


correlations among the decay products can be constructed [15,16]. One of them, which is 


C PT-even and sensitive to the real part of the dipole moment factor D in Eq.(D7], is 


Oi = (D, x pi) ` êz, 


(81) 


where ê, is the unit vector along the incoming positron beam direction. However, this observable 


is not sensitive to possible CP violation of the tbW vertex in the top quark decay [15,16]. Thus 


we consider only the CP-violating new physics effects in the vertices Vtt(V = y, Z). In terms 


of the expression Eq.(P'f), one gets the average value [17] 


1 
(O) = — Zem) = gje pE aC" GO Re, 
1 B 
— — C7 YZ Z „Z ReD 
TO vv, (U; 3^) e St 
1 
ert TE ReDz 
s(s— m?) 
1 
EECH 
z 
where 
4 2 2 
T — Tr , € = 1 _ . 
S m; 
8 = m? — 2m; 
m? + Am, 
= Zy e 
Ow = =p, C7 z b, 
C24 dau? 
= D; 
(v2? + (a2? 
1 Ay 
vw = 2s, te T en), pe Dey 
By 1 
ay — n ü s (et = eR); 
and 
D = lasSyuyqp——L 0 Zoe (07 — pažo 
s2 g/\"e t s(s — m2) 2 et le e "t 
1 £ 
+ zi; | (02)? + (02)? — 2pvZa2 | | + Q7 + (1 — z)(aZ)2| < 
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(82) 


(83) 


(84) 


In the above equations, s is the center-of-mass energy squared and p is the degree of longitudinal 
polarization of the initial electron with p = +1 corresponding to the right- and left-handed 
helicities, respectively. Note that in our analyses we neglect both the radiative corrections to 
the couplings Ve*e- (V = y, Z) and the electron mass, thus only the left-right and right-left 
combinations H of electron and positron helicities couple to the y and Z. 

Again we take the operator O,w as an example to show some results. The values of (O1) 
for different polarizations of the electron beam with new physics scale of 1 TeV and coupling 


strength of unity are found to be 


ee; eren œe 
(OD (GeVy] |-367 -10 -25.5 
(,/s = 0.5 TeV) 
(OQ (GeVy] |-2723 -1.7 -1834 


(/s = 1 TeV) 
Here we find that the left-polarized electron beam yields the most significant results for (O1) and 
in this case the result in a 1 TeV accelerator is eight times larger than a 500 GeV accelerator. 
In the following analyses we will only consider the left-polarized electron beam. 
Now we compare the value of (O4) with the expected variance (O?) to see what luminosity 
is needed for the observation to be statistically significant. To observe a deviation from the SM 


expectation with better than one standard deviation ( at the 68% confidence level), we need 
KO) = y= (85) 


where £ is the integrated luminosity, & is the overall b- and W-tagging efficiency. The variance 


(O2) and the production cross section o at lowest order are given by[17] 


c = 4ma'syl— zt, (86) 


2 smie afl 2/12 2 2 2 
on = Tix (50) (v [24 + 2x — 1122 + An — 2)? 
2 
$0207 (74 (24 + 2x — 11z2 + Ag?(1 — zy) — 2vlaZ(1 — z)(6 — DI 
s(s — m) 


?Hard collinear emission of a photon from the electron and positron beams can flip helicities. This gives rise 
to non-zero CP-odd correlations even in the absence of CP-violating interactions and this background should 
be subtracted. However, as analysed in Ref.[17], there will be no such background at tree level for (O1). 
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rE ij + (aZ)2] |(07)? (24 + 2z — 1122 + 402(1 — x?) 


(aZ? (24 — 14x — 46°(1 — 2)) (1 — z) — 4vZ a (1 — z)(6 — 2)8]| |. (87) 


For a negative helicity electron beam considered in our analyses, the production rate is 


wes = [mom Ge R 
Assuming the coupling strength of the order of unity and an overall b- and W-tagging 

efficiency of 50%, then the luminosity required to observe the CP-violating effects of Ogw at 

68% confidence level is found to be 

Ae fb at /s = 0.5 TeV 

SALT fb" at ys = 1 TeV 


qW 


E (89) 


So, if the new physics scale is 1 TeV, we need a luminosity of 100 fb 1 (30 fb ^!) to probe 
the coupling strength Can down to 0.5 with a confidence level of 68% at w/s = 500 GeV (1 
TeV). If a conservative overall b- and W-tagging efficiency of 10% is assumed, the required 
luminosity will be increased by a factor of 5. If a confidence level of 99.7% is assumed, the 
required luminosity will be increased by a factor of 9. 

From the above results we find that for the same luminosity a 1 TeV collider can do a better 
measurement than a 500 GeV collider. This is due to the fact that the size of (O1) at ys = 1 
TeV is eight times larger than at va = 500 GeV, while the production rate at ys = 1 TeV 
is only about four times smaller than at va = 500 GeV. Thus the net effect is that a 1 TeV 


accelerator can do a better measurement than a 500 GeV accelerator. 
5. Summary 


In this paper we listed all possible dimension-six CP-violating SU.(3) x SUL(2) x Uy(1) 
invariant operators involving the third-family quarks, which may be generated by new physics 
at a higher scale. The expressions of these operators after the electroweak symmetry breaking 
and the induced effective couplings for Wtb, Vbb and Vtt (V = Z,y,g, H) were presented. 

The contributions of some of these operators to the CP-odd asymmetries of the transverse 


polarization of top quark and top antiquark in single top production at the Tevatron and top 
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pair production at the NLC are evaluated. The numerical results showed that if the new physics 
scale is around 1 TeV, then both colliders can be used to probe the coupling strength to 0.1 
provided that the asymmetry of the transverse polarization can be measured at a level of a few 
percent. 

We also calculated the effects on a CP-odd observable, which involves momentum correla- 
tions among the decay products of the top quark, at the NLC and studied the dependence on 
the energy and luminosity of the NLC. We found that with a luminosity of 100 fb~', a 500 GeV 
accelerator can probe the coupling strength to 0.5, assuming that the new physics scale is of 
the order of 1 TeV. Achieving the same measurement, we need a luminosity of 30 fb”! at a 1 


TeV accelerator. 
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Appendix A  CP-violating operators after electroweak symmetry breaking 


(1) Class 1 
Ów = gc + 20)(H +0) an (A.1) 
Op = (H + v)0* H(tęyutR) (A.2) 
Og = I—59(H +v)? |--W; (Erber) + W; Gny'tn)| (A.3) 


Dx 


" _ 4 i 
Op, = nan KZ Gg (0,,t)t + (tyst) SC (Gm Bil 


1 = 2 = 
+ąsz(H + v)W, CH a EN 


= s = 4 = 
——gz(H + v)Z" oun + tysOut = (Ont) yst = iz Bust 
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Owe 


1 = 2 x 
+592(H + Oo (O"tg)by, RE tan B"tnbr (A.4) 
. 1 "x u . L | 
p + v)(to"" yst) ws, — ig( WW; WW )| 
.1 I w TP _ m 
+i5(H + v) bro" tg) [W — ig (WW? — W3W; )| 
.1 -—9 | 
-i5(H + v) (Enc bz) [Wit — ig(W2W;* — WW) (A.5) 
1 d 
o + v)(to""yst) Buy (A.6) 
y 1 AC 
Rze + v)(to” ys TA) G, (A.7) 
i [In T^0"tg = O" gy" T^tg| Ga, 
= Agi — 
+gst RY" (G's Gw} tR + A gy" G,,B"tg (A.8) 


re : : dos ; 
1 tr "tr = O"t gy" tg] By + 2gstr y "G trBw + SM (A OI 


i ary" T^", E 0" qj" T^q;| Gi 
1 
+gsgqr y! IG”, Gy) qL + 29291" W” G wL RE z94LY Cw Bar (A.10) 
Wa ang, = try tr Se bry!” b, + bry" br 
i 


(W; Era br — S'Ery'br) + W, (bo "t; — "brat; 


/2 
+gəqr yt IA, W,] O"qr, UU 920” qLY" IW. W,] qr 
1 ES 2 1 
*29.d1Y G” Mit, + gel Wan - W')qzy"q + 29 Bap" W gr (A.11) 
` = v Uc .— u v 1 u 
iBw lay qr, — O" dry" qz, — 2iqr y" (g4G" + g9W" + gi P D (A.12) 


i [bry T^ br — "bey" T^bg| GZ, 

Jaba ke eM E äert, Bn (A.13) 
i [by "br — "ba bi] Buy + 29 bn" Gba By, — S gib" ba D, B” (A14) 
(H + v)ð H [Erti + boat] (A.15) 


zt + 2(H + v)0,Hbry" bt 
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get + vy (Wit by SC W, bry"tr) (A.16) 
0%, = = + v)0„Hbpy"bR (A.17) 
Ou = xa H(H +v)(H + 2v)binsb (A.18) 
m ü = 5 z 
Ore ign ER — (8,b)b + 8, (bygb) + iz Bu) 
1 cx : 2 " 
+592(H v) zn EI + bach — (8, b)ysb + 59.8, (binsb) 
, NET _ NN 
+2(H + v) W; (trO,bg + 39: Butobn) + W, (O„bntL = 39 Bubrts) (A.19) 
1 : 7 1 _ 
Owo = iz UT +v) k — Wy lone ine 75" w(bo”ysb) 
+igo(W W — W4W;)(tLo*bp) + igo (W, W) — WYW, )(bno""tz) 
UP W; — WZW) (bosb) (A.20) 
4 = 
Obg = ar + v) B,„(bo* ysb) (A.21) 
GR = zł + v)GÀ (bo ^b) (A.22) 
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Figure Captions 


Fig. 1 The asymmetry between the degrees of transverse polarization of the top quark 
and top antiquark induced by Ogw as a function of 0, in top pair production at the NLC for 
Vs = 500 GeV. 

Fig. 2 The asymmetry between the degrees of transverse polarization of the top quark and 
top antiquark induced by Ogw as a function of 0, in top pair production at the NLC for /s = 1 
TeV. 
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Table 1 
The contribution status of dimension-six CP-violating operators to electroweak and gtt cou- 


plings. The contribution of a CP-violating operator to a particular vertex is marked by x. 
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